Abstract. In vivo determination of 3-D and dynamic geometries of alveolar structures with adequate resolution is essential for developing numerical models of the lung. A thorax window is prepared in anesthetized rabbits by removal of muscle tissue between the third and fourth rib without harming the parietal pleura. The transparent parietal pleura allows contact-free imaging by intravital microscopy ͑IVM͒ and 3-D optical coherence tomography ͑3-D OCT͒. We demonstrate that dislocation of the lung surface is small enough to observe identical regions in the expiratory and inspiratory plateau phase, and that OCT in this animal model is suitable for generating 3-D geometry of in vivo lung parenchyma. To our knowledge, we present a novel thorax window preparation technique for 3-D imaging of alveolar dynamics for the first time. The 3-D datasets of the fine structure of the lung beneath the pleura could provide a basis for the development of 3-D numerical models of the lung.
Introduction
Artificial ventilation is a life-saving therapy in respiratory failure, which at the same time can induce lung injury or impair lung function. 1 The development of protective ventilatory strategies aims to decrease the incidence of ventilatorinduced lung injury. 2 One aid in the development of new protective ventilation strategies is the generation of numerical models of the lung, requiring detailed information on alveolar dynamics during ventilation. However, in vivo dynamic 3-D geometries with adequate resolution have not yet been described in the literature. Hence, most scientists dealing with lung modeling use 2-D intravital microscopy ͑IVM͒ images or the results of histological examinations of fixed lung tissue as a basis for their numerical models, even though these do not describe a 3-D in vivo geometry. 3 One imaging method for closing the lack of information could be Fourier domain optical coherence tomography ͑FD-OCT͒, which is a contactfree and high-speed imaging modality. [4] [5] [6] FD-OCT allows 3-D imaging even in strong scattering samples such as biological tissue, with a resolution of less than 10 m. FD-OCT is particularly suitable for performing investigations of lung tissue of isolated lungs through a thorax window in an in vivo mouse model, as described by our group in previous studies. [7] [8] [9] To avoid pneumothorax and lung injury during preparation, we carried out a thorax window preparation without harming the parietal pleura. A similar preparation was already described by Wearn et al. 10 for the visualization of pulmonary blood flow. OCT imaging was performed through the thorax window to provide 3-D geometry of subpleural alveolar structures needed for developing numerical models of the lung.
Methods and Materials

Window Preparation
All experiments were performed in accordance with the Guide for the Care and Use of Laboratory Animals ͑7th edition, Institute of Laboratory Animal Resources, Washington, D.C., 1996͒. The study was approved by the animal care and use committee of the local government authorities ͑AZ: 24D-9168.11-1/2008-29͒. Briefly, male rabbits weighing 2.5 to 3.0 kg were used in this feasibility study. After cannulation of the marginal ear vein, initial anesthesia was performed with ketamine 5-mg/ kg bodyweight ͑bw͒ and xylazine 0.8 mg/ kg. The rabbits were tracheotomized and connected to a small animal respirator to provide pressurecontrolled ventilation with room air. Anesthetic depth was maintained by continuous injection of 10-mg/ h ketamine and 3-mg/ h xylazine. During preparation, the following ventilator settings were applied: 30 breaths per minute ͑bpm͒, inspiratory plateau pressure ͑IPP͒ of 10 cmH 2 O, and a positive endexpiratory pressure ͑PEEP͒ of 2 cmH 2 O resulting in a tidal volume of approximately 8-ml/ kg bw. Blood pressure was monitored by intra-arterial catheter in the ear artery. The rabbit was fixed on the operation table in a lateral position for preparation and image acquisition. The operating field was clipped and shaved. The skin was surgically opened with a 5-cm-long transcison and the upper intercostal muscle layers were resected between the third and fourth rib. The lower layers of muscle tissue were abraded using small forceps, while all muscle fibers overlying the parietal pleura were abscised in a region of approximately 10ϫ 5 mm 2 . The resection of the lower muscle fibers has to be carried out very carefully to avoid injury of the pleura and lung tissue, pneumothorax, or mechanical stress during preparation. Blood for blood gas analysis was taken from the ear artery after preparation and at the end of the investigation.
Image Acquisition
Imaging through the prepared thorax window was achieved using 2-D intravital microscopy and 3-D FD-OCT. A newly developed scanner head combining both modalities was used. 6, 8 The subpleural alveolar structures were imaged using IVM, applying an IPP of 18 cmH 2 O corresponding to a tidal volume of approximately 14-ml/ kg bw. A first image series of 15 s was taken focused on the inspiratory plateau ͑see 
Results
Briefly, the model was very stable for the time of investigation, and we detected no negative effects in hemodynamic ͑MAP= 80Ϯ 8 mmHg͒, blood gases ͑pO 2 =86Ϯ 12 mmHg, paCO 2 =28Ϯ 5 mmHg͒, and electrocardiogram ͑heartbeat = 173Ϯ 15 bpm͒ after investigation. In this feasibility study, the experiments were stopped after 3 h. Also, no edema or inflammation caused by surgical preparation was observed. Figure 2 shows the prepared thorax window ͑TW͒ ͑ap-proximately 10ϫ 5 mm 2 ͒, which was used for imaging alveolar lung tissue in vivo. The photograph of the ribs ͑R͒ and thorax window ͑TW͒ was taken from the intrathoracal side and was taken at the end of the experiment after resection of the tissue. In this figure, the undamaged parietal pleura ͑P͒ can be recognized. Figures 2͑b͒ and 2͑c͒ present that we are able to image identical alveoli during the whole ventilation cycle. The identical alveoli are denoted in the IVM image acquired in the expiratory phase as well as in the inspiratory phase by labels a, b, c, and d. The alveolar area marginally expanded approximately 7 Ϯ 5% ͑n=15͒ at 18 cmH 2 O, compared to 2 cmH 2 O ventilation pressure. Figure 3 demonstrates that the described animal model is also suitable for 3-D OCT imaging. In Fig. 3͑a͒ , the intact parietal pleura ͑P͒ with approximately 50 m thickness can be seen on top of the lung surface in the 2-D cross sectional OCT images, acquired with an applied CPAP of 12 cmH 2 O. In the 2-D cross sectional OCT images, single alveoli ͑A͒ and the border between two lobes ͑B͒ of the lung can be recognized. Figure 3͑b͒ shows a 2-D OCT enface image of subpleural lung parenchyma extracted from the acquired 3-D OCT image stack. The enface image represents the subpleural alveolar tissue in a 45 m depth beneath the pleura, and was used to quantify alveolar areas. 8 The mean of the alveoli area is 7.015 m 2 with a minimum of 1.984 m 2 and a maximum of 20.368 m 2 . The 3-D reconstruction of a single alveolar structure for a CPAP of 12 cmH 2 O can be seen in Fig. 3͑c͒ . Furthermore, the 3-D reconstruction shown in Fig. 3 features a triangle mesh, which can be used as a basis for 3-D numerical models of the lung.
Discussion and Conclusion
We present a novel method for thorax window preparation for optical imaging that, unlike other techniques, 9 can avoid the induction of pneumothorax during preparation and investigation. The described innovative preparation technique allows that when the parietal pleura is retained as a transparent membrane, IVM and 3-D OCT can be performed with an intact chest. This technique allows for tracking the identical alveoli during the whole ventilation cycle in healthy lungs. Furthermore, we have shown that OCT is highly suitable for 3-D in vivo imaging of subpleural alveolar structures within a resolution of less than 10 m. Other imaging modalities, like computed tomography ͑CT͒ or magnetic resonance tomography ͑MRT͒, do not offer images at such high resolution. In contrast to techniques where cover glasses are placed on the surface of the lung for 2-D IVM imaging, 11 we have demonstrated a contact-free measurement without irritation of alveolar dynamics during ventilation. Additionally, it could be shown that a 3-D reconstruction based on 3-D OCT datasets is possible. The quantification of the alveolar areas in the IVM images results in an expansion of alveolar areas. This detected increase in alveolar area with increasing ventilation pressure is confirmed by other studies. 8, 9 The handicap of this model for alveolar imaging is the limited observation area including only a small number of alveoli. Also, the investigated region has to be on the upper lobe, because the dislocation of the inferior lobe is much higher during the ventilation cycle. By gating the 3-D OCT measurement to the inspiratory and/or expiratory plateau, the 3-D OCT image stack can be acquired during ventilation without applying CPAP, as we have previously demonstrated. 9 A gating to the heartbeat is also possible to minimize moving artifacts. In further studies, we will characterize the alveolar volume change during artificial ventilation in healthy and injured lungs. Additionally, high speed OCT systems allow OCT Doppler measurements, 12, 13 providing blood flow and blood velocity measurements in the arterioles and investigation of the vascular function in healthy and injured lungs without opening the pleura. The 3-D OCT imaging technique in combination with the described animal model might improve knowledge about alveolar geometry and vascular function during ventilation in an in vivo situation. We conclude that dynamic data on alveolar volume change acquired by OCT might provide the basis for the development of numerical models of the lung, by using the surface mesh obtained by 3-D reconstruction of the 3-D OCT data of fine alveolar structures. As shown, OCT overestimates the alveolar walls and underestimates the air-filled alveolar space.
14 This fact has to be considered using 3-D OCT data as input for numerical models.
